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1mAL RHYTHMS 1 

I. INTROEUCTION 

It i s  imgortant t o  appreciate t h a t  "hibernation" in  n a m a l s  does 
not ex i s t  as  a separate f ie ld  independent of the  r e s t  of physiology 
and biology. When one asks t h e  question, what a re  the  mechanisms 
involved when a mammal en te rs  o r  leaves the  hiberating s t a t e ,  one 
has immediately entered in to  the f i e lds  of thermoregulation, t h e  
cent ra l  nervous system control of homeostasis and behaviour and 
control systems operating within single c e l l s .  Furthermore, it i s  
hoped t h a t  as a r e s u l t  of this  review, it w i l l  be appreciated that  
one needs t o  enter  i n t o  the f i e l d  of biological  clocks i n  order t o  
fully answer the above question. 

is a cyc l ica l  ( ra ther  than a sustained) response t o  pers is tent  cold. 
The period of t h i s  response cycle is  approximately one year. 
cycle i s  probably already programed within the  organism a t  b i r th ,  
merely waiting fo r  cer ta in  environmental clues t o  se t  the phase a d  
allow l i f e  t o  take place a t  a slower r a t e  i n  harmony w i t h  the  
na tura l  winter season. But for  some es sen t i a l ly  unknown reason, t h i s  
s t a t e  can not pe r s i s t  indefini te ly  and it appears that another 
i n t e rna l  osc i l la t ion ,  w i t h  a basic circadian period, i s  intermit tent ly  
used t o  bring the  organism back t o  i t s  higher r a t e  of l i f e .  

consider the  analysis of time-series data before reviewing the 
evidence, from a study of hibernators, f o r  t he  point of view 
exposed above. 

It i s  becoming increasingly clearer  that i n  many species there  

The 

We w i l l  f i rs t  examine the  f i e l d  of circadian clocks and then 

II- CIRCADIAN CLOCKS I N  MAMMALS AND BIRDS 

Within the  last six years, numerous books or  monographs 
(*ning, 1963, Cloudsley-Thompson, 1961; Harker, 1964, Reinberg 
and Ghata, 1964; Richter, 1965, Sollberger, 1965) and the  pro- 
ceedings of symposia (Cold Spring Harbor, 1960. Ross Conference, 
1961, New York Academy, 1962, Peidafing, i965) hzve ag~care(? m 
t he  subject of biological  clocks. The large majority of animal 
s tudies  have been concerned with a c t i v i t y  cycles wi th  a period of 
about 24 hours. 
commonly ca l led  "circadian", a term introduced by Halberg (1959). 
Certain aspects of the  findings o f  t h i s  expanding research group 
are thought t o  be relevant t o  the problems of t iming  of t he  
hibernation season and intermittent arousals from hibernation 
and w i l l  therefore  be reviewed i n  t he  following section. 

The a c t i v i t y  rhythm i s  usually measured, i n  mammals, by t h e  
r a t e  of turning a running wheel and i n  birds  by the r a t e  of perch- 
hopping during many consecutive days of recording. In  Figure 1, 
taken from Aschoff (1965), the  ac t iv i ty  of a chaffinch (Fr ingi l la  
coelebs) i s  demonstrated under three d i f fe ren t  conditions of 

Rhythms of ac t iv i ty  w i t h  such periods a re  now 
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illumination. 
experiment, t he  chaffinch was exposed t o  constant l i g h t  (LL) of 0.4 
lumen in tens i ty .  
hopping was delayed (occurred l a t e r )  each new day, so t h a t  t h e  
a c t i v i t y  cycle had a period greater than 24 hours, under conditions 
of constant weak illumination. 

However, i n  constant strong l i gh t  (120 lumens, days 48 t o  66), 
t h e  onset of perch-hopping ac t iv i ty  advanced each day so t h a t  the  
a c t i v i t y  cycle had a period o f  less than 24 hours under these 
conditions. A s  soon as  a 24 hour l ight-dark cycle was imposed on 
t h e  bird (days 1 - 5  and 33-47), the a c t i v i t y  cycle was entrained; 
it s t a r t ed  and stopped a t  dawn and dusk respectively. 

Some terminology and the circadian ru l e .  Under constant 
conditions of temperature and l igh t  (or darkness, DD), t h e  measured 
period of t he  a c t i v i t y  cycle i s  considered t o  be the  "free running" 
period. Animals with predominant a c t i v i t y  during the  l i g h t  portion 
of a light-dark cycle are sa id  t o  be diurnal  or day-active and those 
with a predominant a c t i v i t y  during t h e  night are  described as 
nocturnal o r  night-active . The externel osc i l la t ion  (usually l i gh t -  
dark cycles) which synchronizes the f r ee  running rhythm i s  termed 
the "Zeitgeber". During f r ee  running cycles, the  time during which 
a diurnal species i s  predominantly act ive i s  cal led the  "subjective 
day" and the  portion of the  record, when a t  res t ,  i s  ca l led  the  
T b j e c t i v e  night". 

shortened i n  diurnaL animals and lengthened i n  nocturnal animals, 
with increasing i n t e n s i t i e s  of l i gh t  (Aschoff, 1960; Hoff'mann, 
1965). 
f r e e  running period dramatically decreases when l i g h t  i n t ens i ty  i s  
increased from 0.4 t o  120 lumens. 

t h e i r  f r ee  running period. 
i s  the  onset time of the  running wheel a c t i v i t y  i n  the  nocturnal 
f lying squirrel ,  Glaucomys volans . DeCoursey (1961) found, for  t h i s  
species, t h a t  the  f r ee  running period ( in  DD) of 16 individuals 
had a standard deviation ranging between + 2 t o  + 15 minutes 
during 48 t e s t  periods 
The frequency d is t r ibu t ion  of the f r e e  running period (average 
cycle length)  f o r  t h i s  population of 16 squi r re l s  i s  i l l u s t r a t e d  
i n  Figure 2 (DeCoursey 1960a). 
(Gaussian) with about 75% of the t e s t  periods accounted for  i n  
t h e  block of periods from 23:40 t o  23:59 hours. 
doubt from data of t h i s  sor t  that  t h e  f r ee  running period i s  an 
indication of a self-sustained ( in te rna l )  o sc i l l a to r  i n  the  animal 
independent of subt le  geophysical fac tors  ( l inked  with the  ro ta t ion  
of ear th  and o rb i t  of the moon), but po ten t ia l ly  entrainable by 

From the  s ix th  t o  the thirty-second day of the  

It is  quite apparent t h a t  the onset of perch- 

- 

The "circadian rule"  s t a t e s  t h a t  the  f ree  running period i s  

This ru l e  i s  demonstrated i n  Figure 1 where the chaffinch's 

Some mammals  are  exceptionally accurate i n  the expression of 
Perhaps the  best deiiioiistrt;tfm sf this 

each ranging from-10 t o  il3 days duration. 

The dis t r ibut ion appears normal 

There can be l i t t l e  
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some. This view has been expressed by many researchers (Pit tendrigh 
and Bruce, 1957, Aschoff, 1960 Bbning, 1963 Harker, 1964; Enright, 
1965a) but i s  by no means universal ly  accepted (Brown, 1965). 

running period i s  not completely c l ea r .  
phenomenological observations tha t  a re  considered relevant t o  any 
" f ina l"  model of entrainment. 
a Zeitgeber i s  imposed on a f lying squ i r r e l  during i t s  subject ive 
night, a phase delay occurs i n  the onset times of subsequent 
ac t iv i ty ,  u n t i l  t h e  a c t i v i t y  onset a r r ives  i n  a time zone j u s t  a f t e r  
l ights-out (Figure 3, cases 1 and 4, DeCoursey, 1960a). 
ever t he  l i g h t  portion of a Zeitgeber i s  imposed on a s q u i r r e l  
during i t s  subjective day, l i t t l e  change i s  seen i n  the  onset time of 
ac t iv i ty ,  from the  f r e e  running s i tua t ion ,  u n t i l  t h e  a c t i v i t y  onset 
a r r ives  i n  a time zone j u s t  a f t e r  l ights-out  (Figure 3, cases 2 and 
3, DeCoursey, 1960a). 

These r e s u l t s  already suggest tha t  a rhythm of l i g h t  s e n s i t i v i t y  
e x i s t s  within t h e  organism, for a l i g h t  s igna l  applied during the  
subjective night causes a phase delay, while a similar s igna l  applied 
during the  subjective day causes l i t t l e  change. 
" l igh t  shocks'! of ten minute duration, applied a t  4 t o  25 day 
in te rva ls ,  DeCoursey (19606). coidd obtdin a l i g h t - s e n s i t i v i t y  
curve f o r  individual squ i r r e l s .  
' m b ) ,  t h e  amount of  advance o r  delay of t he  anset of ac t iv i ty ,  i n  
minutes, i s  shown as  a function of  light-shocks applied at different  
times of t he  s q u i r r e l ' s  a c t i v i t y  cycle. 
s e n s i t i v i t y  curves ( a l so  ca l led  "phase-response curves", Pit tendrigh, 
1965) i s  a cha rac t e r i s t i c  of the species w i t h  var ia t ions  of ampli- 
tude (delay or  advance) common between individuals.  

There i s  one aspect of obtaining a l i g h t  s e n s i t i v i t y  curve 
i n  higher animals t h a t  i s  somewhat disturbing. The reader w i l l  
note tha t  t he re  was no e f f ec t  oi' t h e  light fer 3 pr in r t  of about 
10 hours ( squ i r r e l  A) and approximately 1 4  hours ( squ i r r e l  B) .  
These periods are  presumably coincident w i t h  t he  i n a c t i v i t y  
portion of the s q u i r r e l ' s  circadian cycle.  The s q u i r r e l  must be 
asleep, at times, during t h i s  phase of t he  a c t i v i t y  cycle.  Is 
the  l i g h t  s igna l  not being severely attenuated during sleep, due t o  
t h e  closure of t h e  eyel ids  and probable upward ro t a t ion  of the  eye? 
If  the  l i g h t  s igna l  i s  not sensed during sleep, one would not 
expect a response on the  pa r t  of  the animal t o  it. 
knowledge, t he  control  experiment of delivering a l i g h t  shock during 
the  inact ive phase but w i t h  assurance tha t  t he  s q u i r r e l  i s  a l e r t  and 
thereby receiving t h e  s igna l  has not been described. 
one cannot use such arguments t o  explain the  changing responsive- 
ness t o  l i g h t  shocks applied during the  running phase of t he  
a c t i v i t y  cycle.  These considerations are  of some importance t o  

The mechanisms by khich a Zeitgeber en t ra ins  t h e  innate  f r ee  
There a re  however ce r t a in  

If, f o r  example, t he  l i g h t  portion of 

If, how- 

By using s ingle  

I n  Figure *&, taken from DeCoursey 

The form of these  l i gh t -  

To t h e  best of my 

Nevertheless 
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t h e  analysis  of pe r iod ic i t i e s  i n  the  arousal times from hibernation, 
as  w i l l  be discussed i n  a l a t e r  section. 

A model i s  of some use 
i n  t h a t  it synthesizes from the  body of data  a few concepts o r  
ru l e s  and r e s t r i c t s  i t s e l f  t o  an explanation of these i n  terms of 
wel l  founded physico-chemical and mathematical pr inciples .  From 
a model can come predict ions;  the most useful  model i s  the  one whose 
predictions can be t e s t ed  by an experiment. 

a r e  put together  and it can be shown t h a t  a simple prediction 
emerges. The concepts a re :  There i s  a s e l f  sustained osc i l l a t ion  
i n  the  organism (of which a single sinusoidal cycle is  shown under 
three  d i f fe ren t  conditions i n  Figure 5) .  
"mean value", referenced t o  a s ta t ionary baseline,  such that  equal 
areas of t h e  osc i l l a t ion  occur above and below t h e  mean value. There 
i s  a threshold,  which i n  Wever's model i s  f ixed.  When t h i s  threshold 
i s  exceeded by some portion of the osc i l l a t ion  (shaded area) ,  
a c t i v i t y  on t h e  pa r t  of t h e  organism can be expressed. 
time (portion of the osc i l l a t ion  above threshold) i s  abbreviated - alpha (a) and t h e  r e s t  time (portion of t he  osc i l l a t ion  below 
threshold)  i s  abbreviated rho (0). 
t h a t  as t h e  mean value of t h e  osc i l la t ion  increases,  r e l a t i v e  t o  
threshold, t he  r a t i o  a:p increases as well as  A, t he  t o t a l  amount of 
a c t i v i t y  ( the  area of t he  osc i l l a t ion  above threshold) .  

mean value of t h e  f r e e  running osc i l l a t ion  then both the  r a t i o  Cr:P 
and the  t o t a l  amount of a c t i v i t y  (A)  should increase.  
1, it can be seen t h a t  o : p  increases with a s h i f t  i n  l i g h t  i n t e n s i t y  
from 0.4 t o  120 lumens and i n  Figure 6 t h a t  t h e  t o t a l  amount of 
perch-hopping a c t i v i t y  o f  t he  chaffinch increases w i t h  a s h i f t  
i n  l i g h t  i n t ens i ty  from 1.8 t o  120 lumens. 

Van der Pol equation which he has modified in to  t h e  form (Wever 
'65) for  circadian periods: 

Wever's model for  circadian rhythms. 

I n  Fig. 5 taken from Wever (1964a, 1964b, 1965) th ree  concepts 

The osc i l l a t ion  has a 

The a c t i v i t y  

It can be seen from Wever's f igure - 

The predict ion t h a t  emerges i s  t h a t  i f  l i g h t  were t o  increase t h e  

I n  Figure 

* -  wever ' s  quaiit,itzti-<e ~ilodcl derives f r ~ m  the  well known 

? + 0.5 (y2 + y-* - 3)  $ + y + 0.6 y2 = 2 + 2 + x (1) 

i n  which y i s  the  var iable ,  o s c i l l a t i n g  as a function of time, and 
x i s  the  cont ro l l ing  var iab le  ( l i gh t  i n t ens i ty )  which may be a 
function of t i n e  (when a Zeitgeber). 
with respect t o  time, a re  shown as (y, k) and (yJ 2) respect ively.  

independent x, t h e  system can be seen t o  o s c i l l a t e  within a re -  
s t r i c t e d  range of x (0.847 t o  3.189) as  i n  Figure 7. 
i n t e re s t ing  aspect however i s  tha t  t h e  steady s t a t e  circadian 
period shortens as  x increases.  
for diurnal  organisms and negative f o r  nocturnal organismsJ then 

The f i r s t  and second derivatives,  

When t h i s  equation i s  solved f o r  d i f fe ren t  values of a time- 

The most 

If the  sign of x i s  made pos i t ive  
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Wever's modification of t h e  Van der Pol equation can be said t o  
predict  t h e  circadian rule mentioned e a r l i e r :  Increasing l i g h t  
i n t ens i ty  shortens t h e  circadian period i n  diurnal  and lengthens 
t h e  period i n  nocturnal organisms. 

I11 THE ANfiLYSIS OF STATIONARY TIME SERIES 

Three types of analysis  of data  consisting of s ta t ionary  time 
series (non-damped) w i l l  be reviewed here : 
b )  Autocorrelograms, c )  Power Spectra. 
techniques, dominant frequencies can be extracted but  t h e  s t a t i s t i c a l  
propert ies  of such frequencies remain t o  be completely resolved. 

a)  Periodogrms, 
With each of  these ana ly t ic  

a) Periodograms. - Imagine a s t r e t c h  of data w i t h  a biologica: 
v a r i a b l e w a s  body temperature) studied as a function of time. 
L e t  us suppose that the length o f  da ta  covers a 28 day period. 
one suspected a 24 hour per iodici ty  i n  t h e  data, one would divide the  
28 days of data i n t o  28 equal. periods ( t r i a l  period) and e s sen t i a l ly  
add t h e  28 curves a f t e r  arranging t h e  curves synchronously one under 
t h e  other .  Each point i n  t h e  resu l tan t  s ing le  curve would repre- 
sen t  t h e  sum of 28 data  points  collected,  t h e  t r i a l  period apart ,  
(24 hours -- and hence at the  same time of so la r  day). 
each summed data point by 26, one obtains the  mean value f o r  t h a t  
sample Feriod. 
m a x i m u m  mean value) and a standard deviation (a) : 

If 

On dividing 

This mean curve would have a range (minimum t o  

where Yi = mean value of data poi i i t s  sjiiichronous for =ne trill - period, 
Y = mean value of a l l  mean data points  Y . .  . . . . . . 
N yN = number of  data points i n  trial periok ( i . e .  sampling 

If one repeats t h i s  operation on t h e  28 day length of record but 
frequency x time duration of t r i a l  period).  

now dividing t h e  record i n t o  25 hour t r i a l  periods one obtains a new 
mean curve w i t h  perhaps a new range and standard deviation. 
periodogram is some measure o f t h e  strength of a function a t  
var iously scanned t r i a l  periods. 

"strength" of a periodic function than t h e  range. Hence one normally 
obtains  a periodogram by making a p lo t  of t h e  standar-l deviation as 
a function of t he  scanned t r i a l  periods. Koehler e t  a l . ,  (1956) were 
mong t h e  f irst  t o  apply periodogram analysis t o  b io logica l  variables 
s tudied during long t i m e  periods. 

.-i 

The standard deviation i s  a more usefu l  measure of t h e  

Enright (1965b) shows t h e  type 
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of calculat ion t h a t  i s  perfamed t o  obtain a periodogram and i n  
re-analyzing data  published, primarily from BrGWn's laboratory 
(1965a), concludes t h a t  t he  vast  majority of t h e  new analyses 
indicates  a circadian period rather  thsn a so la r  day o r  lunar day 
period. 

In  Figure 8, a periodogram i s  demonstrated f o r  the  brain 
temperature of a golden-mantled squirrel ,  C i t e l lu s  l a t e r a l i s  while 
i n  a cold environment. The length of data, on which t h e  periodo- 
gram was based was 28 days (March 1-28). Brain temperature was 
measured every 50 seconds, from an implanted thermocouple 
(Strumwasser e t  al., 1964) by an automatic data acquis i t ion system. 
Recordings were made on magnetic tape i n  d i g i t a l  format, from which 
7.BM cards were generated p r io r  t o  analysis.  

The periodogram c l e a r l y  indicates  a major peak near 24 hours 
which i s  t o  be expected since the  squ i r r e l  was i n  t h e  non-hibernating 
s t a t e  throughout but with an applied Zeitgeber (LD 12:12). 

b )  mtocorrelograms. Consider t h e  same s t r e t c h  of or ig ina l  
data, discussed above, the  t o t a l  length of data  being 28 days 
(T) .  Two iden t i ca l  p lo t s  of  t h i s  data  a re  arranged one under t h e  
other, synchronized i n  t i m e .  The ordinates  a t  each synchronous 
time point a re  multiplied,  then the resu l tan t  new curve i s  summed 
along t h e  time axis and the  mean computed by dividing t h e  grand sum 
by the  number of data  points,  m (m = sampling frequency x T) .  Thus 
from t h i s  first operation, a single number i s  obtained w i t h  u n i t s  
(variable)* at "lag" zero. 
function at l a g  zero. 
the  two iden t i ca l  p l o t s  moved along t h e  time axis a d iscre te  
interval  ( lag  l), usual.ly T/m. Again t h i s  operation i s  repeated 
a f t e r  moving tne curve forward through the  same i n t e r v a l  ( lag 2) 
and so on u n t i l  t h e  two curves are no more than T/2 time u n i t s  out 
of phase. 

two curves are displaced i n  time by exact ly  one period of t h e  
o s c i l l a t i n g  variable,  even if it i s  buried i n  some noise, t h e  auto- 
cor re la t ion  function w i l l  br ing out t h e  cycle and peak. If t h e  
record contains only random "noise" the re  should be no l a g  at which 
t h e  autocorrelation function increases t o  a peak, fo r  a l l  frequencies, 
withir! a band l i m i t ,  w i l l  be more o r  l e s s  equally represented 
throughout t he  extent of t he  record. The autocorrelation curve i s  
always a t  a maxi.mum a t  l a g  zero, s ince i n  t h i s  posi t ion a l l  products 
are r e a l l y  the  square of t he  or ig ina l  Tunction giving rise t o  only 
pos i t ive  numbers, whose mean value must then be l a rge r  than the  
autocorrelat ion function a t  any other lag.  

A (d) of a t i m e  function y ( t )  i s  given by: 

This number i s  the autocorrelation 
This same operation i s  repestecl w i t h  one of 

Reflection on t h i s  s e r i e s  of operations w i l l  show t h a t  when t h e  

I n  t h e  notation of calculus, t h e  autocorrelation function 
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T 

0 

where D i s  t h e  l ag  o r  delay in te rva l .  

formula : 
The algebraic operations can be summarized i n  the  following 

‘7 

(3) 

where m i s  t h e  t o t a l  number of data points,  obtained a t  equal time 
in te rva ls ,  and d i s  t h e  l ag  i n t e r v a l  number incrementing by one 
f o r  T/m time un i t s  and i i s  t h e  index number of t h e  data  point.  

28 day record (March 1-28) of  brain temperature of t h e  same golden- 
mantled squ i r r e l  mentioned under periodogrm analysis .  
b ra in  temperature obtained over t h e  28 day period was subtracted from 
t h e  o r ig ina l  data points  p r io r  t o  the  autocorrelat ion.  A s  i s  evident 
Prom inspection of  t h e  record a strong circadian component i s  present. 

To obtain t h e  mean circadian period from t h e  autocorrelogram, 
t h e  lag,  i n  days, a t  each cycle peak has been graphed as a function 
of the  cycle number (Figure 10). 
computed fo r  t h e  l i n e  shown through t h e  data  points.  The slope 
of t h i s  l i n e  gave a circadian period of 23.92 + 0.10 hours, t he  
range indicated being fo r  a 9% confidence limFt. 

of t h e  autocorrelogram (Blackman and Tukey, 1958). It represents  a 
quant i f icat ion o f  t h e  various frequencies already exposed by the  
wtocorrelogram. The advantage of a power spectrum compared t o  the  
autocorrelogram i s  t h a t  it, quant i ta t ively ind ica tes  t ne  r e l a t i v e  
s t rengths  of t h e  various frequencies present i n  t h e  o r ig ina l  data.  
Power spec t ra l  analysis  was first applied t o  the  b io logica l  
problems of circadian systems by Halberg and  Panofsky (1961 a,b). 

(over the  rdnge of i n t e r e s t )  and the  autocorrelogram a re  f irst  
ODtaiced. 
correlogram, as a function of the exploring frequency i s  t h e  
Power spectrum. Halberg and Panofsky have used the  term variance 
spectrum instead of power spectrum because t h e  ordinate  repre- 
sen ts  variance per un i t  frequency. Excluding t h e  spec t r a l  estimates 
(S)  a t  l a g  0 and 1, S can be computed from 

In Fig. 9, t h e  autocorrelation function i s  demonstrated for  a. 

The mean 

A l e a s t  squares regression was 

c )  Power Spectra. The power spectrum i s  a Fourier transform 

The product of cosine waves of d i f fe ren t  exploring frequencies 

The m e a n  value of  t h i s  product, over t he  whole auto- 

r 1-1 

n d r  S ( r )  = AT A(O) + 2 1 A ( d )  COS -i- -k A( t )  [. d=l 
(5) 
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where r = integer  indicat ing the multiple o f  the  frequency of t he  
exploring cosine wave, 

AT = l ag  increment i n  t i m e  uni t s ,  

the  time in t e rva l  0.1T. 
and 1 = t he  l a s t  of t he  autocorrelation lags, usual ly  not exceeding 

I n  Figure 11, the  power spectrum f o r  t h e  data of Figure 9 i s  
i l l u s t r a t e d .  It i s  qui te  c l ea r  now t h a t  t h e  predominant frequency 
i s  t h e  circadian one; however shorter periods a re  evident around 8 
and 12 hours, perhaps representing t h e  duration of s leep or/and 
ac t iv i ty .  

Comparison between t h e  various ana ly t ic  techniques. I n  Table 
1, a comparison i s  made of t he  three techniques described above 
(periodogram, autocorrelat  ion and power spec t ra l  analysis)  applied 
t o  twenty weeks of continuously recorded brain temperature from a 
golden-mantled squi r re l ,  Ci te l lus  l a t e r a l i s .  This long s t r e t ch  of 
data  was divided i n t o  f i v e  portions, each 4 weeks long. While the 
circadian period i s  evident w i t h  a l l  th ree  techniques, small 
differences i n  the  estimated value a re  apparent between t h e  three  
techniques (Table I) .  
highest values of circadian period while autocorrelation appears t o  
give the  lowest. 

That question can not 
be answered at t h e  present time. The answer can only  come from a 
study of a model system, t h a t  i s ,  one i n  which t h e  experimenter i s  
i n  control  of a l l  t h e  variables. For example, sinusoidal waves of a 
f ixed frequency ( a r t i f i c i a l  s ignal)  can be generated and "noise" 
added t o  it. 
var ied  m-d the  th ree  analyt ic  techniques applied. 
which technique comes closest  i n  extract ing t h e  known s igna l  
frequency over the  widest range of signa1:noise r a t i o .  A l l  of t h i s  
may sound very s t r a igh t  forward but there  a re  problems due t o  the  
f a c t  t h a t  noise can have many different  q u a l i t i e s  besides an ampli- 
tude o r  more appropriately root-mean-square vaiue. 
i n  my mind at l e a s t ,  what would be a good simulation of biological  
noise when dealing w i t h  circadian type per iodic i t ies .  

I n  general t h e  power spectrum gives the  

Which technique i s  the  most r e l i a b l e ?  

The r a t i o  of signa1:noise can be systematically 
One can then t e l l  

it i s  not cietii-, 

IV. DURING HIBERNATION 

It i s  now well  known t h a t  under constant conditions of cold, 
with o r  without a l i g h t  cycle and even i n  deafened animals (Strumwasser 
1959a) that  a l l  hibernating mammalian species so far studied 
in te rmi t ten t ly  arouse (Lyman and Chatfield, 1955 ; Folk, 1957, 
1960, Strumwasser, 1959a. Pengelley and Fisher, 1961, Pohl, 1961> 
Menaker 1961, 1964; "ucker, 1962, Fisher, 1964, Strumwasser e t  al, 
1964). 
hibernating season, a t  least, the hibernation t e s t  drops i n  
C i t e l lu s  beecheyi a re  clock i n i t i a t e d  fo r  these arousals occur i n  

Evidence has been presented t h a t  at t h e  s t a r t  of t h e  
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the same time zone as arousals from normal sleeg, t h e  majority of 
which an t ic ipa te  t h e  light-on signal.  (Strumwasser, 1959a). 

i n i t i a t e d  by a circadian clock o r  not i s  far from s t r a igh t  forward. 
We have already seen t h a t  circadian systems can be described i n  
terms of t h e  in te rac t ion  between a sinusoidal-type osc i l l a t ion  and 
a threshold.  
circadian osc i l l a t ion  most probably decreases due t o  t h e  depressing 
effect  of t h e  low core temperature. Perhaps it s tays  depressed 
or possibly begins t o  recover. Obviously i f  it s tays  depressed 
(below threshold) during deep hibernation, and i f  t he  threshold 
remains s ta t ionary,  arousals due t o  t h e  circadian osc i l l a t ions  
could never occur! But what i f  the  threshold progressively decreases 
during sustained hibernation due t o  t h e  accumulation of metabolites 
o r  t h e  decline of cer ta in  in t r ace l lu l a r  substrates  o r  enzymes, then 
one would have a complicated interact ion indeed and t h e  t i m e  of 
arousal  could not be predicted frcm j u s t  knowing t h e  frequency of 
t h e  osc i l l a to r .  

deep hibernation do not occur a t  t he  same so la r  time can not be 
used as evidence t h a t  the  circadian o s c i l l a t i o n  i s  not involved i n  
arousals from hibernation. Yet i n  1965, Twente and Twente s t a t e  for  
C i t e l lu s  l a t e r a l i s  "The timing of arousal and re-entry seems t o  
be randm as no circadian pzt terns  were discernible  when individual 
records were analyzed." 

Twente and Twente (1965) studied 31 squ i r r e l s  between November 
12  and March 15. 
subcutaccously near t h e  lower r i b  and attachment t o  t h e  recording 
apparatus was apparently made during the  f irst  hibernation. 
recordings were made f r o m  individuals u n t i l  the  animals disconnected 
themselves from the  recording apparatus. A t o t a l  of 158 arousals 
are r z p c r t e d  iz t he i r  Tehle 1. This means t h a t  each animal had 5 
hibernation cycles, on t h e  average. 
num-ber of hibernation cycles i s  l e s s  than the  normal number present 
during j u s t  t h e  tes t  drop phase of  t h e  hibernating season (Fig. 16) 
f o r  t h i s  species and only about 13% of the  normal number of 
hibernations present i n  one hibernating season. 

of Twente and Twente (1965). 
hour blocks s t a r t i n g  from midnight is  i l l u s t r a t e d .  
i s  f a i r l y  rectsngular as  would be expected i f :  

The problem as  t o  whether a l l  arousals from hibernation a re  

During sustained deep hibernation, t h e  amplitude of t h e  

It must then be c l ea r  t ha t  t he  mere f a c t  t h a t  arousals from 

These squi r re l s  had thermocouples implanted 

Continuous 

A s  we w i l l  see la ter  on, this 

I n  Figure 12, w e  have made a histogram from t h e  data  i n  Table I 

The d is t r ibu t ion  
The number of arousals occurring i n  4 

a) The circadian osc i l l a t ion  was not exact ly  24 hours. 
b )  There vas a random dis t r ibu t ion  of circadian frequencies 

c )  There was no Zeitgeber ( the conditions described were 
among t h e  31 different  squi r re l s  studied. 

constant darkness). 
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I n  Figure 13, a similar histogram of arousal frequency as a 
function of clock time i s  i l l u s t r a t e d  based on continuous brain 
temperature recording from a single golden-mantled squ i r r e l  during 
i t s  second complete hibernating season (Stnunwasser, unpublished). 
The d is t r ibu t ion  of these 53 arousals from hibernation i s  qui te  
rectangular. Since these arousals were recorded from a s ingle  
individual and since there  was a Zeitgeber (LD 12:12), one can 
only assume t h a t  t h e  Zeitgeber was not i n f l u e n t i a l  and hence the  
circadian osc i l la t ion ,  i f  present, was f r e e  running and d r i f t e d  
across the  solar day several  times during one hibernating season. 

squ i r r e l  during i t s  second complete hibernating season i s  i l l u s t r a t e d  
i n  Figure 14. 
1962-63 hibernating season. 
t o  so la r  time, then around 7 arousals should be found i n  each four 
hour block. Between 18~00 and midnight t he re  w a s  only one arousal 
during the  en t i r e  hibernating season (out of an expected 11 
arousals) .  
43) occurred in  t h e  time block 08:OO t o  mid-day, t h i s  number repre- 
sen ts  2.6 times more arousals than wouid be expected on the  bas i s  of 
a random dis t r ibu t ion  (7 out of 43). 

t h a t  t he  circadian o s c i l l a t i o n  during hibernation of t he  th i r t een  
l i ned  squ i r r e l  had a period close t o  24 hours and tha t  t he  animal 
was probably influenced by t h e  Zeitgeber (LD 12:12). 
say "probably influenced by t h e  Zeitgeber" because apparent 
synchronization could occur w i t h  "dawn", during the  hibernating 
season, i f  t he  f r ee  running period was very close t o  24 hours. 
t h e  aninal i s  r e a l l y  being influenced by the  Zeitgeber then a s h i f t  
i n  the Zeitgeber should influence the  d is t r ibu t ion .  
ments remain t o  be done. 

c i rcadian osc i l l a t ion  pers is ts  during deep hibernation i n  t he  th i r teen-  
l i ned  squ i r r e l  and appears t o  be one of the f ac to r s  responsible for 
in te rmi t ten t  arousals from t h i s  state.  On t h e  other  hand, from t h e  
discussion, it should be apparent t h a t  negative evidence from a 
simple arousal frequency-distribution curve, of even a s ingle  i n d i -  
vidual,  can not be used as conclusive evidence t h a t  t he  circadian 
osc i l l a t ion  does not pe r s i s t  during hibernation, or  i s  not a fac tor  
i n  i n i t i a t i n g  arousals.  I n  t h e  presence of a Zeitgeber, negative 
evidence from t h e  arousal frequency d is t r ibu t ion  can be used i n  
concluding t h a t  t h e  organism i s  uninfluenced by the Zeitgeber. 

According t o  Twente and mente (1964, 1965a,b) t he  duration 
of hibernation i s  proportional t o  t h e  core temperature achieved 
during hibernation. Their  evidence i s  based on t h e  re la t ionship  
between duration of hibernation and subcutaneous temperature, as 

A s i m i l a r  analysis  of an individual thir teen-l ined ground 

A t o t a l  of 43 hibernations occurred during the  
I f  arousals were random with respect 

About 42% of the t o t a l  number of arousals (18 out of 

On t h e  basis of these resu l t s ,  it i s  reasonable t o  conclude 

One can only 

If 

These experi- 

From t n e  r e s u l t s  ss f a r  precented, we can conclude t h a t  a 
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shown i n  Fig. 15, i n  the  form of rn iurrhenius type plot - where log 
of ve loc i ty  of some process ( i n  t h i s  case, arousal frequency) i s  shown 
i n  re la t ionship  t o  the  'independent ' variable,  reciprocal  of t h e  
absolute (subcutaneous) temperature. 
mult ipl ied by a. conversion fac tor  (4.6) gives the  a r h e n i u s  constant 
(p) f o r  t h e  process under study in  kilocalories/mole. 
argue t h a t  the l i n e  i n  Fig. 15 i s  a c lose f i t  t o  t h e  Twente's 12 
data points,  each point being an average taken from severa l  
squi r re l s ,  each having hibernated several  times. From t h i s  Twente 
and Twente (1956b) conclude "It i s  tempting t o  assume, because of 
t h e  l i n e a r i t y  of  t h e  data  plot ted. .  . . ., t h a t  t h e  duration of a 
hibernating period i s  l i m i t e d  by a s ing le  regulating process which 
i s  operating s imi la r ly  a t  a l l  temperatures between 2" and 25'. 
Because t h e  periods a t  t h e  s l i gh t ly  depressed core temperature of 
36°C fit extrapolations of t he  l i nes  of both figures,  it i s  tempting 
t o  suggest t h a t  a re la t ionship  between hibernation and s leep may 
e x i s t .  I t  

f a c t s  from our own experiments w i l l  be de ta i led  here. Strumwasser 
e t  a l .  (1964) reported on a study of individual squ i r r e l s  i n  which 
brain temperature was continuously recorded f o r  periods over one 
year.  The techniques can be found i n  t h e  o r ig ina l  report  and w i l l  
not be de ta i led  here.  I n  Table 2, t h e  r e s u l t s  of extending t h i s  
study t o  3 seasons a re  detai led.  

Two individuals, one thir teen-l ined and one golden-mantled 
squi r re l ,  entered and aroused from hibernation a t o t a l  of 123 
and 113 times respect ively during th ree  hibernating seasons (1961- 
1964). Each animal averaged about 40 hibernation cycles each season. 
In  Fig. 16 there  i s  graphed the  re la t ionship  between hibernation 
duration and bra in  temperature f o r  t he  golden-mantled s q u i r r e l  
during t h e  second season (September 11, 1962 t o  May 6, 1963). 
re la t ionship  shown i s  typ ica l  fo r  b o t h  iEdividuals of t h e  two 
d i f fe ren t  species during each o f  the  three  seasons. 

different, (hibernation) duration-temperature re la t ionship.  Of t h e  
53 hibernations during t h e  second season, only the  f irst  twelve 
hibernations, about 23% (events 23-34) showed a duration dependent 
on the  l eve l  of bra in  temperature achieved. These f irst  twelve 
hibernations are c l ea r ly  "test drops" (Strumwasser 1957, 1959a) 
since brain temperature was successively lowered each hibernation 
cycle. 
reasonably t i g h t  group but far below a l i n e  extrapolated through the  
f i rs t  group. 
with a la rge  v e r t i c a l  range. 
hibernation durations (0 = 1.29 days), despite a narrow band of 
achieved bra in  temperatures (0 = 0.2"C), as can be seen from Fig. 16 

The slope of t h i s  l i n e  

No one can 

Because of t he  importance of t he  m e n t e ' s  conclusions, fur ther  

The 

Consecutive hibernations tend t o  form groups, each having a 

Group 2 (events 35-47) consisted of 13 hibernations i n  a 

Group 3 (events 48-67) consisted of 20 hibernations 
This group had a wide range of 
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and Table 3. 
eight hibernations of t he  season during which time the lowest bra in  
temperatures were achieved followed by a re turn  t o  the  non-hiber- 
nating s t a t e  v i a  t h e  range of test-drop temperatures but i n  t h e  
reverse direct ion.  

seasons, we canno+, agree w i t h  t he  statement of Twente and Twente 
(1965a) t h a t  "the duration of hibernating periods was r e l a t i v e l y  
constant and predictable f o r  individuals a t  given (core) temperatures. I t  

Their statement i s  based on a c l ea r ly  short  hibernating season (163 
hibernations among 31 squ i r r e l s )  during which time t h e  animals 
were exposed t o  presumably different  environmental temgeratures. 
I n  Table 4, taken from Twente and Twente (1965), it can be seen 
t h a t  eight squ i r r e l s  were placed i n  cold room B on November 13 and 
core temperature i s  reported as 6 " ~  (average?) f o r  t he  36 day 
period. In  the  next 21 day period (December 18-January 7), a core 
temperature of  1 0 ° C  was reported f o r  7 squ i r r e l s  (presumably t h e  
same o r ig ina l  population) ; t h e  environmental temperature must have 
been changed! In  t h e  l a s t  period reported fo r  cold room B (January 8- 
February 7 )  a core temperature of 4 ° C  i s  reported f o r  eleven squ i r r e l s  
during the  31 day period. 
exposed t o  a low temperature for  about 36 days, then a higher 
tempera-hre for  21 days. Finally a new population (perhaps a l so  a 
par t  of t he  o ld  population) was exposed t o  t h e  lowest temperature i n  
t h e  l a s t  31 day period. Since each individual  squ i r r e l  hibernated 
only about 8 t i n e s  during t h e  t o t a l  cold room B period reported 

l9 + 23 + $z), a l l  of t he  data of Twente and Twente (1965) could 

Final ly  group 4 (events 68-75) consisted o f  t h e  last 

On t h e  bas i s  of studying individuals over e n t i r e  hibemalting 

Hence the  f irst  population was first 

(7 11 
have dea l t  with a t e s t  drop period a t  each new environmental 
temperature. 
less than 25% of the  t o t a l  number of hibernations d-m-izg I normal 
hibernating season. 
"single (tempsrzture-dependent) regulat ing process" may be operating 
t o  control  t h e  duration of  hibernation seems qui te  u n r e a l i s t i c  and 
l a t e r  we s h a l l  propose three  fac tors  - a temperature dependent 
threshold,  a circadian osc i l la t ion  and a seasonal modulator - as 
possibly accounting fo r  the duration of individual hibernations.  

perfomed t o  t e s t  for  possible non-linear re la t ionships .  
i n  Fig. 16 have a super f ic ia l  appearance of f a l l i n g  on a hyperbola. 
A hyperbolic re la t ionship  i s  wel l  known among several  p a i r s  of 
b io logica l  var iables  (e .g . the current strength-latency re la t ion-  
ship of a s ing le  nerve f ibe r ) .  
product of t h e  two variables is  a constant ,  e.g. i n  t he  strength- 
la tency relat ionship,  current x la tency (time) i s  a constant value, 

'Fie t e s t  d r c ~  period, as we have seen ea r l i e r ,  occupies 

The generalization of t he  mentes '  t h a t  a 

A fur ther  analysis  of the duration/temperature re la t ionship  was 
The points  

In tl hyperbolic re la t ionship  t h e  
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with u n i t s  of e l e c t r i c a l  cha.rge (coulombs). 
hibernation duration and brain temperature i s  not a constant 
(Fig. 17 and Table 3) t h e  means fo r  the  four groups varying between 
7.27 and 26.7 days "C. 

Three peaks a re  evident from t h e  frequency d is t r ibu t ion  of t he  
products, at l e a s t  75% of each peak being composed of a pure group 
( i n  order of an increasing value of t he  product-Groups 1, 3 and 2). 
It i s  possible t h a t  t he  3 peaks of t he  duration-temperature product 
a r e  r e f l e  t i ons  of th ree  zones each w i t h  an overlapping gaussian 
d is t r ibu t ion ,  but  more data i s  needed before any conclusions can 
be drawn. 
of groups 2 and 3, respectively, a re  s imilar  (5.0 + 0.4 'C, 
4.8 + 0.2 "C), t he  duration of hibernations a re  nox (5.38 - + 0.96, 
3.61-+ - 1.29 days). 

t h i r d  hibernating season of a single golden-mantled squirrel ,  an 
"activation energy'' of 27,900 calories/mole i s  obtained f o r  t he  
second season and 3 , 5 0 0  calories/mole for  the  t h i rd  season, but 
t he re  i s  a s izeable  sca t t e r  (Fig. 18). 

a circadian system, which w a s  reviewed e a r l i e r ,  t h e  components 
consisted of a s inusoidal- l ike osc i l l a t ion  w i t h  a mean value dependent 
on l i g h t  i n t ens i ty  and a threshold t h a t  i s  considered s tab le  
(see 355. 5 ) .  The relat ionship between the  mean l e v e l  of the  
osc i l l a t ion  and threshold determined t h e  a c t i v i t y  time (a )  and ampli- 
tude (portion of o s c i l l a t i o n  above threshold) and rest time -P- 
(portion of o sc i l l a t ion  below threshold).  It seems reasonable t o  
propose tha t  t h e  circadian osc i l l a t ion  continues during hibernation 
but  t ha t  it i s  below threshold due t o  the  depressive e f f ec t ,  much 
of the  time, of cold temperatures on t h e  mesn leve l .  An arousal 
occurs when the osc i l l a t ion  crosses threshold.  For t h i s  t o  happen, 
i 'c is a s s ~ i e d  t h z t  t h e  threshold decreases as a function of time 
ana the temperature l e v e l  achieved i n  hibernation (the lower t h e  
temperature, t he  slower the  ra te  of decrease of threshold) .  
each arousal, t h e  threshold gets "reset"  t o  i t s  o r ig ina l  high 
l eve l .  The decrease of threshold could be due t o  one o r  a combination 
of many fac tors  such as an accumulation of metabolites and a decrease 
of required in t r ace l lu l a r  templates (Strumwasser 1955b . 
Strumwasser e t  a l . ,  1964) perhaps messenger RNA (Brenner e t  a l . ,  
1961). Lactic acid, urea end an a l t e r ed  blood pH o r  pC02 appear 
to be ru led  out (Fisher, 1964: Twente and mente,  1964 Lyman 
and Hastings, 1951). Experiments t e s t i n g  the hypothesis of a 
decrease of required in t r ace l lu l a r  templates, as a stimulus fo r  
arousal, a re  lacking. 

threshold is  rapidly r e se t  t o  i t s  normal high l e v e l  by a more 

However, t h e  product of 

A s  i s  evident from Table 3, although the  mean temperature 

Using only t h e  f i r s t  group ( t e s t  drop s tage)  of t h e  second and 

A three-factor  theory of arousal frequency. I n  Wever's model Of 

. I  

With 

During t h e  aroused s t a t e  ( i n  between hibernations),  t h e  
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e f f i c i en t  hcmeostasis, operating at a higher metzbolic r a t e .  
Figure 19 summarizes t h e  model showing t h e  depression of mean l e v e l  
o f  t he  osc i l l a t ion  w i t h  entrance i n t o  hibernation and the  sawtooth- 
l i k e  decrease of threshold during t h e  course of hibernation. 
Arousal i s  i n i t i a t e d  when the  threshold crosses the  osc i l l a t ion .  
During the  aroused s t a t e ,  t h e  threshold i s  rapidly r e se t  t o  i t s  
high leve l .  

explain long durations of hibernations by "skipped days" (circadian 
osc i l l a t ion  below threshold),  it demands t h a t  the  number of skipped 
days be dependent on the  slope of t h e  threshold decrease and at any 
f ixed  core (brain)  temperature t h i s  should be constant. 
var iab le  duration at a f ixed core temperature s t i l l  requires  some 
other  explanation. 
i s  a l'seasonal' ' modulator. Since t h i s  w i l l  be discussed i n  more 
detail  i n  the  f i n a l  section, only t h e  per t inent  portion of t h e  
argument w i l l  be presented here. 

durations are  not a constant function of t he  brain temperature 
achieved. 
duration of hibernation i s  longer than during the  l a s t  quarter,  at  
equivalent brain temperatures (Figure 16). This and the  f a c t  t h a t  
t h e  r a t to ,  duration of hibernation/duration of arousal, r i s e s  t o  a 
peak and then declines during the hibernating season (Strumwasser e t  
a l . ,  1964, Figure 25) suggests t he  following: 
o sc i l l a t ion  i s  changing i t s  amplitudeltemperature re la t ionship  during 
t h e  hibernating season, becoming l e s s  sens i t ive  t o  temperature as t he  
season progresses. I n  addition, or  a l te rna t ive ly ,  t h e  threshold 
may progressively become more sens i t ive  t o  temperature during t h e  
season, declining a t  a f a s t e r  r a t e  as  a function of time, a t  t h e  
same tercperature, iaLer i r i  t h z  S C Z Z ~ R .  Either or both of these 
fac tors  would shorten t h e  length of hibernation toward the  end of 
t h e  season, by allowing the  threshold t o  cross t h e  circadian 
osc i l l a t ion  sooner. A s  a matter of f a c t  both of these fac tors  
could help b r ing  t h e  hibernating season t o  a close.  

The l imi ta t ions  of a two fac tor  model are  obvious: while it can 

Hence t h e  

A t h i r d  fac tor  i s  needed i n  t h i s  model and t h a t  

The seasonal modulator accounts fo r  t he  f zc t  t h a t  hibernation 

During t h e  second quarter of t h e  hibernating season, the  

The circadian 

Circadian and ul t ra-dian osc i l l a t ions  i n  t h e  brain and s ingle  - --c_ - -- neurons. The demonstration of a circadian or  other macro-period 
~~ 

osc i l l a t ion  i n  t h e  brain would ce r t a in ly  help strengthen the  argu- 
ment t hd t  it plays a r o l e  i n  arousal from hibernation. 
20, t h e  autocorrelogram of 50 days of bra in  e l e c t r i c a l  ac t iv i ty ,  
recorded from the septum of Ci te l lus  beecheyi, i s  i l l u s t r a t e d .  The 
e l e c t r i c a l  a c t i v i t y  from t h i s  brain region was r e c t i f i e d  and in t e -  
grated,  a number proportional t o  the  in t eg ra l  was generated and 
recorded each hour during t h e  50 day period. is i s  c l ea r  from t h e  
autocorrelogram of  t h i s  t i m e  se r ies ,  a circadian osc i l l a t ion  e x i s t s  
with a mean period of 24.70 + 0.12 hours (Figure 21). 

In  Figure 

-- 

- 
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I n  t h e  amygdala of Ci te i lus  beecheyi, an osc i l l a t ion  i n  - 
e l e c t r i c a l  output with a 5 t o h o u r  period can be recorded during 
deep hibernation (Strumwasser e t  a l . ,  1963). 
nation always occurs when t h e  amplitude of t h i s  o sc i l l a t ion  becomes 
c r i t i c a l l y  la rge  (Figure 22). AS i s  also obvious, t h e  amplitude 
of t h e  amygdaloid osc i l l a t ion  progressively grows during deep 
hibernation, preceding by about 20 minutes small o sc i l l a t ions  i n  
t h e  recorded brain temperature. 

These osc i l l a t ions  with macro-periods have now been demonstrated 
a t  t he  level of a s ingle  neuron i n  an invertebrate .  
i den t i f i ab le  neurons i n  the i so la ted  par ie to-visceral  ganglion of the 
sea hare, Aplysia cal i fornica,  emits a burst of action poten t ia l s  
every few minutes. The spike output r a t e  of t h e  c e l l  is, however, a 
function of the time of day and the  previous h is tory  of t h e  organisms 
exposure t o  l ight-dark cycles (Strumwasser, 1963, 1965 a,b) Figure 
23 (Strumwasser 1965 a )  shows the "ac t iv i ty"  of t he  c e l l  (spike 
output r a t e )  as a function o f  clock time. 
recorded spike output r a t e  very c l e a r l y  peaks around t h e  projected 
t r a n s i t i o n  of dark t o  l i g h t  on the f irst  day and somewhat later on 
t h e  second day of recording. Evidence, presented elsewhere 
(Strumwasser, 1965 a )  , indicates t h a t  both t h e  microcycle (burst ing)  
and t h e  macrocycle (circadian period) are control led from w i t h i n  
t h i s  sicale neuron and a re  hence endogenous events, subject however 
t o  modulation by environment signals.  

comparatively l i t t l e  as yet about t he  mechanisms governing the 
onset and ending of hibernation". This quotation comes from Pengelley 
and Fisher (1963) who have made the most s ign i f icant  observations 
concerning t h e  onset and termination of the  hibernating season i n  any 
of t he  hibernating species studied. 
a colony of individual ly  housed golden-mantled squi r re l s  (C.  l a t e r a l i s )  
daily,  during a two year period, fo r  s igns or' hibernation. Each week 
t h e  t o t a l  food consumption and the  weight of each animal w a s  
recorded. F i s r c  24, (Pengelley and Fisher, 1963) demonstrates 
t h a t  under conditions of  constant cold (32°F) and a f ixed l i g h t  
cycle (LD, 12:12), t h e  squi r re l  did not continue hibernation but 
cycled back i n t o  the  s t a t e  twice, at about one year in te rva ls .  It 
i s  also i n t e re s t ing  t o  note tha t  the body weight reaches about the 
same peak value j u s t  p r io r  t o  the onset of the  th ree  hibernating 
seasons, due i n  pa r t  t o  an increased food consumption. 
confirmed Pengelley and Fisher 's  annual clock i n  3 species of 

Arousal from hiber- 

One of t h e  

The i n t r a c e l l u l a r l y  

The r o l e  of a circa-annual clock. " m i t e  evidently we know 

Pengelley and Fisher observed 

We have 

C i t e l l i d s  - l a t e r a l i s ,  tridecemlineatus and beecheyi (Strumwasser 
e t  al., 1 9 6 4 T n t i n u o u s  recording of bra in  temperature from 
individual  squ i r r e l s  over several  years.  

fo r  two successive hibernating seasons i n  an individual of - C.  
tr idecemlineatus are  shopm as a function of calendar month. The 

I n  Figure 25, t h e  r a t i o  o f  hibernation duration/arousal duration 

- 
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environment was maintained at 5°C and with a constant l i gh t  cycle 
(LD, 12:12). Although the  general shzpe of t h e  r a t i o  function i s  
similar for t he  two consecutive seasons, t h e  second season i s  
c l ea r ly  sh i f ted  t o  t h e  l e f t ,  and the  t h i r d  season i s  a l so  phase 
advanced (see Table 3 ) .  
l i ned  squ i r r e l  l a s t s  about seven months but t h e  phase advance of 
t h e  onset time produces a period less than one year ( j u s t  nine 
months f o r  the second t o  t h i r d  season). 
consis tent  with Pengelley and Fisher 's  observations t h a t  t h e  annual 
cycle i n  C .  l a t e r a l i s  i s  consistknt1.y l e s s  than one year whether the  
animal i s  maintained i n  a constant cold (32°F) or warm (70°F) 
environment. Pengelley and Fisher 's  demonstration t h a t  an annual 
cycle of hibernation, body weight and food consumption a l so  occurred 
during a two year period, when the  environment was main-tained a t  
70 OF, conclusively demonstrates t he  endogenous nature of t h i s  
cyc l ica l  ac t iv i ty .  

Each hibernating season f o r  t h e  th i r t een -  

These measurements a re  

- 

One th ing  leads t o  another. It would seem reasonable t o  
consiher t he  annual cycle of hibernation, under laboratory conditions, 
as consisting of a sequence of a s e r i e s  of events. 
ment of each end-point i n  a "reaction" t r i gge r s  t he  next react ion 
which leads t o  another end-point which then t r igge r s  t h e  next 
react ion ar,d so on. 

hib ern 2% ion - . .  achievement of a ce r t a in  c r i t i c a l  metabolic 
s t a t e  (one index being body weight) -.- ------.e- hibernation - -- ---- - 
u t i l i z a t i o n  of metabolic reserves -- --. termination of 
hibernation - - . .- ~ . 
( reprodwt ive  behaviour) - -. -----. preparations for hibernation. 
Perhaps t h e  short  circa-annual period, observed i n  t h e  laboratory, 
O F  t h e  hibernation cycle, i s  due t o  t h e  absence of t he  soc ia l  
in te rac t ions  which would normally take place i n  t h e  f i e l d  a t  t he  
end of the  hibematlng season, perhaps tiiei-ebji e ~ i e z d i n g  tk?e 2ctive 
reproductive s t a t e .  

It i s  c l ea r  t h a t  much research remains t o  b e  done on t h e  in t e rna l  
rhythms of hibernators par t icu lar ly  on those per t inent  cen t r a l  
nervous system mechanisms which at t h e  c e l l u l a r  l e v e l  span circadian 
and perhaps circa-annual periods. 

The accomplish- 

I n  t h i s  way t h e  cycle probably cons is t s  of preparations for 

achievement of t he  reproductive state ---- 
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SUMMARY 

correlat ion coeff ic ients  and obtains both raw and smoothed power 
spec t ra l  density estimates.  
chi-square degrees of freedom. The method used i s  t h a t  of Blackman 
and W e y  f o r  equally-spaced discrete data. 
"harming" the r a w  estimates. 

This program accepts an array of previously calculated auto- 

It a l so  calculates  the equivalent 

Smoothing i s  done by 

INPUT 

The f irst  input parameter is the number of problems. 
for each gFoblem includes a descriptive problem labe l ,  the s i ze  
of the array of autocorrelation coeff ic ients ,  the  duration of the 
tes t  measured i n  l a g  increments, the duration of a lag increment 
measured i n  tfjm uni t s ,  the nane of the t im uni t ,  the input format 
of the autocorrelation coefficients,  the problem type number, and 
i n  one case the s t a r t i n g  value of the frequency variable.  These 
parameters a re  followed by an array of autocorrelation coeff ic ients .  

For type 1 problems 
the analysis is  performed exactly as i n  Blackman and Tukey. The 
number of spec t r a l  estimates obtained is  then the same as the number 
of autocorrelation coefficients used as input.  
a type 1 analysis i s  first performed. 
are performed i n  the region of the peak t o  loca te  the peak more 
accurately. 
estimates i n  the neighborhood of the known peak. The frequency 
s tep  is reduced by a fac tor  of 10 with each i t e r a t ion .  
problems the standard analysis is omitted and interpolations a re  
begun a t  a frequency which must be specified.  
f o r  including a type 3 option w a s  t o  provide a means f o r  locat ing 
the secondary peaks. 
frequency. 
specifying a type 3 problem. 

- 
Input 

The problem type is  e i the r  1, 2, o r  3. 

For type 2 problems 
Then three interpolations 

Each interpolation consis ts  of calculat ing 21  new 

For type 3 

The main purpose 

Sometimes the  calculated peak is a t  zero 
I n  t h i s  case the peak of i n t e r e s t  may be located by 

EXPIEUEXCE WITH THE PROGRAM. 

r e s u l t s  with results of a hand calculat ion on a type 1 sample 
problem. 
i n  each new cycle duplicate points i n  the previous cycle. 

f o r  a type 2 problem with 167 lags is 17 seconds. 
renghly as  the square of t he  number of lags. 
currently set up it w i l l  accept up t o  500 lag coeff ic ients .  

e f fec ts  of two parameters on the calculated dominant period of the 
power spectra .  
data enter ing the autocorrelation program and the m a x i m u m  lag i n  the 
autocorrelation c oeff i c i en t s  used i n  the power spectra.  

-- 
The parer  spectra  program was checked out b;l comparing its 

The i t e r a t e d  cycles are self checking because some points  

The computer a t  Cal Tech is an IBM 7090-7094. Execution time 
The t i m e  var ies  

As the program is 

A number of production runs were made i n  order t o  assess the 

These parameters a re  the averaging in t e rva l  f o r  



The effect  of varying the length of the data samples w a s  
studied using 26 days of temperature data having a dominant period 
near 24 hours. 
averaged over 1/6, 1, 2, and 4 hour intervals  w i t h  a l ag  increment 
equal t o  the averaging interval .  The power spectra was calculated 
i n  each case using lags up t o  about one tenth the t es t  duration. 
The re su l t s  are  given i n  table  1. 

Separate autocorrelations were performed using data 

TABLE 1 

i I 
1 Averaging in te rva l  Period a t  i f o r  data t o  be peak i n  

autocorrelated, power spectra,  ; 
i hours hours t 

0.167 
1.0 
2 .o 
4.0 

I 24.23 f 
24.24 i 
24.29 
24.78 

I 

4 

Very l i t t l e  change i n  the calculated dominant frequency is obtained 
when the data sample ranges between 1/24th cycle and one-sixth of 
t ha t .  

The e f f ec t  of varying the s i ze  of the maximum l a g  was inves- 
t iga ted  using 28 days of temperature data having a spec t ra l  peak i n  
the neighborhood of 24 hours. The autocorrelation w a s  calculated 
using half-hour data  averages and half-hour l a g  s teps .  
a re  given i n  tab le  2.  

Results 

TABI;E 3 

pei-iod i 
t i Maximum iag, 

I power spectra  4 
i h Y S  peak i n  

~. 

1 l 2  4 

1 7  

In t h i s  case a maximum l a g  of at l e a s t  four  tizes the period 
is required t o  produce a power spectra  peak which is r e l a t ive ly  
unchanged if the analysis i s  repeated w i t h  more l ags .  If the 
maximum l a g  i s  varied i n  steps smaller than whole cycles, the 
var ia t ion of the calculated period is not monotonic with increasing 
maximum lag .  
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I. GENERAL W O S E  

The objective of this  computer program is t o  provide a compact 
and convenient means f o r  s tor ing  l a rge  quant i t ies  of sequent ia l  d i g i t a l  
information, pr incipal ly  t i m e  s e r i e s .  
periods ran3ing from minutes t o  years .  

ments ( input  channels) can be monitored. 
used t o  record the  times, channel numbers, and data values as each 
channel is scanned, sequentially,  a t  i n t e rva l s  ranging from 5 seconds 
t o  5 minutes. The recording medium is m e t i c  tape.  
is d i g i t a l  and is  recorded i n  BCD form (low density) compatible with 
an IBM-7094. 

more su i t ab le  format as output. 
and s o r t s  the e n t r i e s  by channel number, grouping them i n t J  hourly 
aggregates. A new storage tape is produced which contains a l l  t he  
va l id  o r ig ina l  data  as v e l 1  as hourly summaries and ident i fying 
information. S ix  o r  seven or ig ina l  source tapes can be compressed 
i n t o  one s torage tape s ince nost of the  record gaps a re  eliminated 
and the  recording is  done a t  a higher b i t  density (556 cp i ) .  

l u t i o n  is required, the program produces a deck of punched cards 
containing 5-minute averages f o r  each charnel which is  being scanned. 

a day f o r  the last 8 months, with only occassional minor interrupt ions 
f o r  changing tapes,  maintenance, o r  r epa i r .  
ing  e r ro r s  have been extremely rare, but  systematic e r ro r s  requiring 
programing modifications f o r  their  accommodation have never been 
t o t a l l y  eliminated. 

but  less ambitious pro jec ts  recorded on punched paper tape.  

r e l i a b i l i t y ,  s torage capacity, convenience, and most important of a l l ,  
a m i n i m u m  of repakr and maintenance. 

The data w i l l  be analyzed f o r  

For t h i s  pa r t i cu la r  i n s t a l l a t ion ,  up t o  nineteen d i f f e ren t  experi- 
A d i g i t a l  tape recorder is 

The information 

The recorder, however, is  i n  no way l inked t o  the computer. 
The program uses this tape as input,  producing a neu tape i n  a 

It checks the data  f o r  obvious e r r o r s  

For more economical analysis when only a coarse degree of reso- 

Monitoring a t  10 second in te rva ls  has been i n  progress 24 hours 

Non-systematic record- 

The author has had some experience processing data from similar 
I n  h i s  

qp-iu~on, L 1  3 - - _ _ _ A .  ____ 
Wllb byabelu is far siiperlor, pcrt izukrl ; '  Vith regm3 t.0 

11. 1" TAPE FORMAT 

The magnetic tape t ransport  is the  Mgidata model DCjR 1420. For 
grea te r  r e l i a b i l i t y  the recording is done a t  lmr density (200 chan- 
a c t e r s  per  inch) on tape rated a t  556 characters  per  inch. 

the time of the entry i n  hours, minutes andt seconds. 
order d i g i t s  of the second word give the channel number. 
four  Give the  data value. 

channels from numbers 1 thru 12 i s  scanned sequent ia l ly  a t  t he  rate 
Of one input channel every 10 seconds. 
may be individually se lec ted  or  deselected,  t he  scanning r a t e  f o r  a 

An entry cons is t s  of two 6-d ig i t  words. The first word gives 
The two hi@- 

The remaining 

During normal operation, an a r b i t r a r y  se lec t ion  of the  input 

Since these input channels 



par t i cu la r  channel T r i l l  vary inversely w i t h  the  number of channels 
selected.  The user a l so  has the option of increasing the scanning 
r a t e  t o  one reading every 5 seconds. 

a block. 
serve as counters, and are automatically r e se t  t o  zero after being 
scanned. 
is scanned while these seven are being scanned: one of these seven 
is  not recorded on tape, nor i s  it rese t  t o  zero. Recording of t h e  
data from the in t e r f e r ing  scan is delayed u n t i l  channels 13-19 have 
been recorded. 

of the first twelve chamels .  
having a maximum of 38 words. 
portion of the tape (up t o  50%) contains no information. 
a severe l imi ta t ion  on tape capacity and increases the processing time. 
Hovever, s h o r t  records have the advantage t h a t  i l l e g i b l e  records may 
be discarded trithout much loss of data. 
records has been negl igible .  

A t  present,  w e  can record a'fout 2 weeks of data (over one- 
quarter million'.words) on one 1 0 ~  
tape is  indicated by three consecutive EUD-OF-FILE'S which the user 
writes on the tape before he removes the r e e l  from the tape transport .  

Once every 5 minutes, input channels 13 th ru  19 a re  scanned as 
They m a y  not  be individually selected.  

A systematic error occurs i f  one of the f irst  twelve channels 

These seven channels 

A record gap is  always wri t ten between wccessive scanning ~ y c l e s  
Thus the record length is variable,  
Such shor t  records rean a s ign i f icant  

This places 

The incidence of i l l e g i b l e  

inch reel of tape. The end of the  

111. !EE PRCGRAM TO PROCESS EE INPUT TAPE 

A. 

paper record containing every entry.  It is used t o  idea t i fy  the f i r s t  
and last en t r i e s  i n  each tape and the beginning and ending en t r i e s  f o r  
patches of erroneous data which must be skipped. ( I t  is also neces- 
saxy f o r  the sarl-y detecticr?. cf ~nchilze malfunctions and as  an a id  
i n  debugging. ) 

been mounted, the l as t  day and hour of the storage tape and the f irst  
entry t o  be processed from the input tape a re  read in to  the computer 
f rom a punched card. The tapes a re  searched f o r  a match before pro- 
cessing can begin. 

READ and WRITE statements. 
handling routine developed by the Biosystems department a t  the C a l -  
tech computer center .  
channels. Records a re  a l ternat&ly read from each tape t o  take f u l l  
advantage of the buffering a b i l i t y  of the computer. 

I n i t i a l  posit ioning of the Input and Storage Tapes. 

An indispensible a id  in processing the tape is a printed s t r i p -  

To posi t ion the tapes and t o  check tha t  the correct  tapes have 

The storage tape is  read and wri t ten w i t h  FORTRAN I V  binary 
The input tape is  read by a M U  tape 

The tapes a re  positioned on diTferent computer 

€3. Reading, Checking, and Binarizing Data from the Input Tape. 

The data from the input tape i s  processed one record a t  a time. 
The hour of each entry must be l e s s  than 24, the minutes and seconds 
l e s s  than 60. Each t im entry i s  comerted from hours, minutes, and 
seconds in BCD form t o  the nearest ten-thousandth of an hour i n  integer  
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binary form. 
must be numeric. 
Lntegers. The channel number must be less than 20. If any of the above 
c r i t e r i a  are not met, an e r ror  message is pr inted out and the entry 
is ignored. 

Processing continues u n t i l  three consecutive E!ND-OF-FILE'S a re  
read, o r  a l ternat ively,  the f i r s t  two words of each record may be checked 
f o r  a match w i t h  a two-word entry from punhhed cards identifying the 
terminal record. 
point on the tape. 

Each BCD character i n  the channel number and data value 
Cata en t r ies  a re  converted t o  s i x - d i g i t  binary 

Thus processing may be stopped o r  s t a r t e d  at any 

C. Organizing a Storage Record 

The program s tores  the data i n  hourly records. Because of omis- 
sions which amit be f i l l e d  from subsequent en t r i e s ,  the hourly proces- 
s ing i s  not i n i t i a t e d  u n t i l  the first s i x  minutes of the next hour have 
been entered i n t o  the memory. The computer then s o r t s  the data by 
channel number, preserving and checking the temporal sequence a t  the  
same t h e .  A tolerance check is run on the first differences of 
selected channels. 
t r ibu t ing  the count from the  next entry.  
are  counted and sunsled. 
speed p r in t e r .  Five-minute averages a re  punched on cards, and f ina l ly ,  
a new record i s  v r i t t e n  on the storage tape.  

Each storage record contains the following infomation:  the year, 
the calendar day, the hour, the number of en t r i e s  i n  each channel, the 
sum of the da ta  values f o r  each channel, and a l l  the sor ted binarized 
data values with t h e i r  associated t h e s  correct  t o  .OGO3 hr .  

characters per inch. 
of a new month, the program writes on a new storage tape. 

wri t ten on tape f o r  each hour t h a t  vas skipped. 
cate  t'nat no data w a s  z.ectji.&d Gi.ii>iiig tliat hci-. 
a smaller t i m e  than the previous entry i s  ignored unless the pre- 
vious hour was 23. 

Omissions i n  channels 13-19 are  f i l l e d  by dis- 
The en t r i e s  f o r  each channel 

Hourly averages a re  pr inted on the high 

The tape i s  w r i t t e n  i n  the binary mode at  a density of  556 
I f  the record t o  be m i t t e n  is  the first hour 

Any sequential  jump t o  a higher hour r e su l t s  i n  a record being 
These records indi-  
k y  e z t a  & i ~ h  h g  

D. Cetecting Errors. 

speed p r i n t e r  as  soon as errors  a re  detected. 
e r rors  is interspersed between the pr inted hourly averages. Whenever 
possible,  the erroneous data i s  ignored and processing continues. 
L i m i t s  have been placed on the number of e r r o r  nessages which can be 
pr inted per hour of data. 

A s  a general rule, diagnostic messages a re  printed by the high 
Thus a record of the 

The following types of errors  have been encountered: 
1. A character i s  not a d i g i t .  
2 .  An impossible t i m e  value o r  channel number. 
3 .  A jump t o  a smaller time value. This is  usually an 

i so la ted  entry consisting mostly of zeros. 
t o  be the r e s u l t  of a f a l s e  t r iggering of the  recording 
device. 

It seem 
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4. An omission in  the scanning sequence f o r  channels 
13-19 (discussed above) 

5 .  If channel 19 has been omitted and the next channel 
number is l e s s  than 10, a one is somethes inser ted  
i n  the ten's posit ion of the channel number. 
precaution, whenever the entry f ollotring an omission 
of channel 19 has a channel number higher than 9, it 
is ignored. 

As a 

Checking and Editing the Storage Tape 
(Not yet  operative) 

A storage tape can hold about 3 months' d a t a .  This rceans tha t  
about s i x  input tapes can be compressed in to  one storage tape. 
Eecause of the cost  involved i n  reading data nea r  the end of the 
tape reel, w e  have been s tor ing  only one months'data per  reel. 

Two separate programs to  check and e d i t  the storage tapes 
a re  being wri t ten.  

1. The Checking Program 
A s  the tape i s  read, t he  calendar day and hour w i l l  be 

checked f o r  sequential  con t imi ty .  The data values f o r  each 
channel w i l l  be s m e d  and compared with the previously cal-  
Zulated sum from the tape record. Where possibie, a tolerance 
check w i l l  be run on t h e  data values and/or t h e i r  f irst  differ- 
ences. The times associated w i t h  the data values must increase 
monotonically. If any of the above checks are not  met, diag- 
nost ic  ressages are  printed and the record is dumped. An 
option will be available f o r  simultaneously copying the tape. 

2 .  The Editing Program 
Corsections, insertions,  and dele&ions w i l l  be punched on 

cards. 
6;gzar cr: t~ge. 
a t  which the appropriate ed i t i ng  act ion is t o  take place.  
edited copy of the tape w i l l  be produced which is then re- 
checked, and duplicated on a three-month storage tape.  

The computer w i l l  s o r t  them in to  the order they w i l l  
The +ape r . r i U  then be searched f o r  the posi t ion 

An 
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of data) can be read by the computer i n  four minutes. 
c m  be read and processed in  six minutes. 
storage tape can be read i n  1.5 minutes. 

the input tape, was wri t ten i n  FORTRAN N. It is real ized t h a t  
revis ing soEe of these routines and rewrit ing others i n  the Y M  lan- 
guage would reduce the  processing time, but the lower l i m i t  is ap- 
parently four  minutes. 

A more s igni f icant  reduction i n  processing tiw could only occur 
if the reprogramming ef for t  were conbined with hardwarc modifications 
t o  increase the record length and the recording density of the input 
tape 

If no processing takes place,  a reel of input tape (two weeks 
An input reel 

A month's data from a 

The en t i r e  program, w i t h  the  exception of the routines t o  handle 


